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Osteosarcoma is the most common primary malignant tumor of bone. Analysis of familial cancer syndromes
and sporadic cases has strongly implicated both p53 and pRb in its pathogenesis; however, the relative
contribution of these mutations to the initiation of osteosarcoma is unclear. We describe here the generation
and characterization of a genetically engineered mouse model in which all animals develop short latency
malignant osteosarcoma. The genetically engineered mouse model is based on osteoblast-restricted deletion of
p53 and pRb. Osteosarcoma development is dependent on loss of p53 and potentiated by loss of pRb, revealing
a dominance of p53 mutation in the development of osteosarcoma. The model reproduces many of the
defining features of human osteosarcoma including cytogenetic complexity and comparable gene expression
signatures, histology, and metastatic behavior. Using a novel in silico methodology termed cytogenetic region
enrichment analysis, we demonstrate high conservation of gene expression changes between murine
osteosarcoma and known cytogentically rearranged loci from human osteosarcoma. Due to the strong
similarity between murine osteosarcoma and human osteosarcoma in this model, this should provide a
valuable platform for addressing the molecular genetics of osteosarcoma and for developing novel therapeutic
strategies.
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Osteosarcoma (OS) is the most common primary malig-
nant nonhematological tumor of bone. OS has a peak
incidence in adolescence (Unni et al. 2005), and cure
rates for patients with metastatic or relapsed disease re-
main poor (<20% survival) (Meyers et al. 1992, 2005;
Sandberg and Bridge 2003). Progress on the genetics and
pathogenesis of OS has been limited, in part due to the
low incidence of the disease.

Most OSs occur sporadically. However, important in-
sights have been gained from familial cancer predisposi-

tion syndromes. The incidence of OS is appreciably in-
creased in patients with hereditary retinoblastoma (Gur-
ney et al. 1995). Among this patient population, ∼60% of
second tumors are sarcomas, of which about one half are
OSs (Wadayama et al. 1994). Moreover, sporadic OSs fre-
quently harbor alterations in the RB pathway, and spe-
cifically the Rb gene. Germline mutation of the p53 gene
in Li-Fraumeni syndrome also predisposes patients to OS
(Porter et al. 1992). In addition, somatic mutation of p53
is frequently observed in sporadic OS (Miller et al. 1990;
Nishio et al. 2006). Alterations of p53 correlate with
markedly reduced event-free survival (Tsuchiya et al.
2000; Pakos et al. 2004; Wunder et al. 2005). The relative
importance of mutations in the p53 or pRb pathways and
the degree to which they cooperate in the initiation of
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OS are unclear. Patients with RECQ helicase-associated
disorders (Rothmund-Thomson, Werner, and Bloom syn-
dromes) are predisposed to OS, but to a lesser extent than
those associated with either hereditary retinoblastoma
or Li-Fraumeni syndrome (Kansara and Thomas 2007).
Other genetic contributions to OS pathogenesis are
largely unknown. Numerous cytogenetic abnormalities
have been described, including chromosomal segment
loss, rearrangement, and amplification with karyotypic
complexity in the absence of recurrent clonal transloca-
tions (Helman and Meltzer 2003).

The development of a tractable animal model of OS
that mimics the genetics and pathology of the human
malignancy would provide new opportunities for probing
the genetics of OS, identifying candidate genes for con-
tributing somatic events in the generation or progression
of the disease, and devising new therapies based either
on inactivation of specific targets or promotion of differ-
entiation. Initial OS models were generated using radia-
tion-induced or chemically induced lesions in mice. The
unpredictability of tumor formation rendered these mod-
els impractical (for review, see Ek et al. 2006). Orthotop-
ic transplantation of mouse OS cell lines has been used
to examine metastasis and screen drugs for antitumor
effects. Several human OS cell lines have been charac-
terized and studied in an orthotopic setting using immu-
nocompromised mice. Such approaches are limited as
they depend on cells that can survive in both cell culture
conditions and in a xenograft, which may not provide an
appropriate microenvironment for support of all human
cells (Kelly et al. 2007). Furthermore, the tumor micro-
environment can contribute significantly to tumor be-
havior, and such interactions are lost when established
disease is introduced directly into the recipient animal
(Becher and Holland 2006; Sharpless and Depinho 2006;
Frese and Tuveson 2007).

Several genetically modified mouse strains have been
reported to develop OS. Notably, p53-deficient germline
mutants or animals carrying a pathogenic mutant p53
allele develop OS among other malignancies (Jacks et al.
1994; Lang et al. 2004; Olive et al. 2004). Osteoblast-
restricted deletion of p53 has been reported recently to
result in the development of OS with 60% penetrance,
the remainder of animals developing lymphoma or fibro-
sarcoma (Lengner et al. 2006). Interestingly, mice germ-
line heterozygous for pRb develop neither OS nor reti-
noblastoma (Clarke et al. 1992; Jacks et al. 1992; Lee et
al. 1992), unlike that observed for germline heterozygos-
ity of p53. Transgenic mice overexpressing c-Fos develop
OS and chondrosarcoma, and Fos overexpression has also
frequently been observed in human OS (Ruther et al.
1989; Wu et al. 1990; Wang et al. 1995). Heterozygous
mutation of Nf2 results in the development of OS in
mouse (>60% penetrance), yet human neurofibromatosis
2 patients do not normally develop OS nor are mutations
in Nf2 found in human OS samples (McClatchey et al.
1998; Stemmer-Rachamimov et al. 1998). While these
models provide important information regarding the ge-
netics of OS, the long latency combined with low pen-
etrance makes utilization of these models impractical.

Improvements in the generation of genetically engi-
neered mice have led to the establishment of several
mouse models that recapitulate critical features of hu-
man cancers (Jonkers and Berns 2002; Tuveson and Jacks
2002; Isakoff et al. 2005; Kim et al. 2005a; Sweet-Cordero
et al. 2005; Haldar et al. 2007; Li et al. 2007; Liu et al.
2007). For the most part, these models are based on the
generation of conditionally altered alleles that permit
either expression of a somatically rearranged oncogene,
such as a fusion gene, or deletion of a tumor suppressor
gene in a cell-type-specific manner. The extent to which
mouse models recapitulate the underlying human biol-
ogy on which they are based will determine their useful-
ness. A valid murine model should faithfully reproduce
both the genetics and behavior of the corresponding hu-
man disease.

We describe here the generation and characterization
of a genetically engineered mouse model that exhibits
highly penetrant and short latency malignant OS. This
model recapitulates many of the defining features of hu-
man OS, including cytogenetic complexity, gene expres-
sion signatures, pathology, age of onset, and metastatic
behavior. We demonstrate a striking correlation between
known cytogenetic rearrangements in human OS and
gene expression changes in mouse OS. Tumor develop-
ment is strictly dependent on p53 mutation, whereas
pRb mutation potentiates development of a p53-depen-
dent disease but is insufficient in isolation to initiate OS.
This high penetrance, short latency mouse model closely
resembles human OS and will provide new opportunities
for dissecting the molecular genetics of OS and develop-
ing novel therapeutic strategies.

Results

Osterix-Cre-mediated deletion of p53 and pRb results
in OS

Based on the near ubiquitous loss of function of p53 and
pRb pathways in human OS, we hypothesized that os-
teoblast-specific loss of these genes may be sufficient to
initiate OS development (murineOS, mOS). We made
use of conditional (floxed) alleles of both p53 (p53fl/fl) and
pRb (pRbfl/fl) to allow for the tissue-restricted inactiva-
tion of these genes following Cre expression (Jonkers et
al. 2001; MacPherson et al. 2003; Sage et al. 2003). To
achieve osteoblast-restricted deletion, we utilized the
Osterix-Cre transgenic mouse (Osx-Cre) to direct Cre
expression to committed osteoblast progenitors (Rodda
and McMahon 2006). Osterix is a bone-specific transcrip-
tion factor required for osteoblast development, and the
Osterix-Cre transgene expresses Cre recombinase in a
manner that follows that of endogenous Osterix (Na-
kashima et al. 2002). Animals were intercrossed to de-
velop Osx-Cre+p53fl/flpRbfl/fl animals with all interme-
diate genotypes also generated in addition to Osx-Cre+

animals bearing only a single conditional allele. All
genotypes were born at the expected ratios and mutant
animals are viable, fertile, and developmentally normal
with the exception of a slight growth delay in Osx-Cre+
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animals compared with Osx-Cre− animals, although this
did not affect fertility and largely resolved with age.

We have not observed the development of mOS in
Osx-Cre+pRbfl/fl and Osx-Cre+pRbfl/+ mice with an ob-
servation time of ∼18 mo of age (Fig. 1B; Table 1). Unlike
osteoblast-restricted deletion of pRb, both Osx-
Cre+p53fl/fl and Osx-Cre+p53fl/+ animals develop mOS.
Osx-Cre+p53fl/+ mice develop disease with low pen-
etrance and long latency. However, deletion of both al-
leles of p53 resulted in mOS development with complete
penetrance and an average survival to 292 d of age
(Fig. 1B; Table 1; Supplemental Table 1). Heterozygos-
ity for both p53 and pRb shortened the latency and in-
creased the penetrance of mOS compared with either
heterozygous mutant alone (Fig. 1B; Table 1; Supplemen-
tal Table 1).

Osx-Cre+p53fl/flpRbfl/+ and Osx-Cre+p53fl/flpRbfl/fl ani-
mals develop mOS at ∼4 mo of age, a time point within
the first quarter of the expected lifespan of a laboratory
mouse. Completely penetrant mOS development was
observed in both genotypes (Fig. 1B,C; Table 1; Supple-
mental Table 1). Interestingly, Osx-Cre+p53fl/+pRbfl/fl

animals are much more susceptible to OS development

than double heterozygous animals with 77% penetrance,
whereas complete loss of p53 resulted in 100% develop-
ment of mOS (Fig. 1B; Table 1). We also observed the
development of adipogenic tumors, restricted to the
Osx-Cre+p53fl/flpRbfl/fl animals (five of 24 animals to
date, ∼20%), which occurred on the outer chest or abdo-
men (data not shown). All mice presenting with these
tumors also had OS. Primary mOS tumors and mOS cell
lines derived from them were serially transplantable
when injected subcutaneously into Rag2−/− immunode-
ficient animals (data not shown). Thus, Osx-Cre-depen-
dent deletion of p53 and pRb results in the development
of completely penetrant malignant OS, and this disease
is strictly dependent on disruption of p53.

Multifocal nature of disease and metastatic potential

The most frequent site of mOS was the jaw and head,
followed by the hind leg/hip and ribs and vertebra (Fig.
2a; Supplemental Table 2). This contrasts with human
OS, in which jaw tumors account for only 9% of all tumors
(Unni et al. 2005). When the tumor site data are analyzed

Figure 1. Complete penetrance short Latency OS development. (A) Model of osteoblast differentiation and the putative stage of
Osx-Cre expression. A and Figure 5D are composite diagrams based on the work of Aubin (2001), Franz-Odendaal et al. (2006), and
Rodda and McMahon (2006). (B) Kaplan-Meier survival plots for the indicated genotypes: Osx-Cre+p53+/+pRbfl/fl, n = 49; Osx-Cre+

p53fl/flpRb+/+, n = 5; Osx-Cre+p53fl/+pRbfl/+, n = 30; Osx-Cre+p53fl/+pRbfl/fl, n = 9; Osx-Cre+p53fl/flpRbfl/+, n = 17; Osx-Cre+p53fl/fl

pRbfl/fl, n = 12. (C) Representative presentation of OS of the lower jaw and femur, respectively.
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exclusive of those tumors arising on the head, the site
distribution more closely approximates that observed in
human OS (Tan et al. 2006). The tumors presented with
histology most consistent with that of human medullary
OS. Tumor histology ranged from almost purely fibro-
blastic tumors with minimal mineralization/osteoid to
tumors with marked mineralization of the osteoid (Fig.
2b–i). The distribution of the mOS was typically metaph-
yseal, with growth into the central medullary cavity and
with extraosseous extension into the soft tissues. As in
human OS, the tumor bone was woven bone formed by
the tumor cells. Areas of cartilage formation were also
observed within the mOS, a finding also seen in human
tumors. The tumor cells were predominately spindle
shaped with moderate to marked atypia (Fig. 2d,e). Mi-
totic figures were variable in number, and abnormal mi-
toses are seen among the more atypical cells. Occasional
multinucleated giant cells were seen among the tumor
cells. In nearly all respects, the mOS bears a close histo-
pathological resemblance to human OS (Unni et al.
2005).

A major cause of mortality in patients with OS is me-
tastasis, which is often present at initial diagnosis. Hu-
man OS shows a preference for metastasis to the lung
and brain. We observed metastasis in 9.4% of all mOS-
bearing mice. The metastatic frequency was >39%
among animals with primary tumors at sites other than
the head. The most frequent site of metastasis was the
lung (seven of nine) followed by the liver (six of nine),
and one animal presented with disseminated metastasis
throughout the intestinal tissues (Fig. 2j–q). Several ani-
mals had metastatic disease in both the lung and the
liver, which were apparent by microPET (Fig. 2k; Supple-
mental Fig. 1). Metastatic disease was observed across
genotypes, however it most often presented with a
longer latency than the genotype median and rarely in
animals that developed a tumor on the jaw or snout,
which significantly decreased lifespan (Table 1). We did
not observe metastasis in Osx-Cre+p53fl/flpRbfl/fl ani-
mals, perhaps due to extremely rapid tumor develop-
ment in these animals, which may not provide sufficient
time for metastatic disease to become evident. The ex-

pression of Cre from the Osx-Cre transgene is able to be
temporally repressed by the administration of doxycy-
cline (dox). When Osx-Cre+p53fl/flpRbfl/fl animals were
maintained on dox from conception until 4 wk of age,
preventing gene inactivation until the removal of dox,
the time to development of OS was delayed by ∼100 d
and all animals presented with metastatic OS but no
animals had tumors on the head (Supplemental Fig. 2).
Cell lines derived from the metastatic lesions were
transferred subcutaneously to Rag2−/− immunocompro-
mised recipients, and mOS readily ensued (data not
shown).

Multifocal lesions were observed in a significant num-
ber of animals (22.3%). Their appearance did not corre-
late with genotype. Tumors most frequently presented
as multiple lesions on the jaw and snout (Supplemental
Fig. 3; Supplemental Movie 1). To enable more accurate
assessment of tumor burden, we utilized micro-PET/CT
imaging to determine noninvasively the numbers of tu-
mors. For microPET imaging, fluorine-18 sodium fluo-
ride (Na18F) was used as the imaging agent (Brenner et al.
2004). Na18F binds to the hypoxanthine matrix of bone
with highest deposition at sites of turnover (Even-Sapir
et al. 2004; Lim et al. 2007). mOS showed highly avid
uptake of Na18F, which directly corresponded to lesions
as visualized by microCT (Fig. 3A–C). Histology was per-
formed verifying the detected lesions as mOS. Interest-
ingly, Na18F uptake was most pronounced in regions of
the tumor that contained less areas of mineralized oste-
oid as determined by microCT (Fig. 3C). The capacity of
microPET to detect small lesions, such as that on the
calvaria in Supplemental Figure 3, which would not oth-
erwise be readily detectable on conventional autopsy,
suggested that the estimate of tumor burden may under-
represent the true burden due to the microscopic, mul-
tifocal nature of some lesions.

Given the sensitivity of Na18F microPET, we imaged
several 2-mo-old animals to determine when lesions de-
veloped. The Osx-Cre+p53fl/flpRbfl/fl animal we assessed
had a detectable jaw lesion at 2 mo of age, which was not
externally visible, while two Osx-Cre+p53fl/flpRbfl/+ ani-
mals did not have detectable lesions at this time point

Table 1. Summary of OS model

Genotype

Tumors Metastasis

Sex distribution

Penetrancea

Average latency in
days ± SEM

(range)

P-value
(compared with

Osx+ p53fl/fl pRbfl/fl)Osx p53 pRb male female

+ve +/+ +/+ 0 0% (n = 11)
+ve fl/+ +/+ 1 0 1 8.33% 338
+ve fl/fl +/+ 5 Yes (n = 2)b 3 2 100% 292.8 ± 21.8 (241–373) 2.79 × 10−12

+ve +/+ fl/+ 0 0% (n = 71)
+ve +/+ fl/fl 0 0% (n = 49)
+ve fl/+ fl/+ 13 Yes (n = 3)c 8 5 30% 198.3 ± 22 (123–391) 0.0002
+ve fl/+ fl/fl 13 Yes (n = 3)d 6 7 77.8% 177 ± 14.4 (109–247) 9.98 × 10−5

+ve fl/fl fl/+ 27 Yes (n = 1)e 19 8 100% 158.4 ± 10.2 (117–371) 0.0109
+ve fl/fl fl/fl 24 15 9 100%f 127.9 ± 3.4 (95–161)

aPenetrance calculated from initial cohort of 206 animals for which complete data is available.
Metastasis: b275 and 373 d old; c182, 247, and 379 d old; d230, 284, and 284 d old; e371 d old.
fTwo animals were found dead and were unavailable for analysis.
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(Fig. 3D; Supplemental Movies 2, 3). By 3 mo of age, one
of the Osx-Cre+p53fl/flpRbfl/+ animals had also developed
a PET positive lesion in the tibia (Supplemental Movie
4). Collectively, these studies demonstrate that the tu-

mor burden may be underrepresented using conven-
tional autopsy coupled with histology and that the mOS
can develop by at least 2 mo of age, consistent with the
pediatric or adolescent nature of human OS.

Figure 2. Tumor histology, site distribution, and metastatic disease. (a) Distribution of tumors in all animals and in a subset of
animals excluding those that arise on the head respectively. (b,c) Osteoid-rich, partially mineralized tumor surrounding a tooth. (d)
Osteoid-poor high-grade tumor. (e) Osteoid-poor fibroblastic tumor. (f) Osteoid-rich, partially mineralized tumor. (g) Osteoid-rich
tumor. (h,i) Extraosseous extension of an osteoid-rich tumor. (j) Lung metastasis as indicated by the arrows. (k) Lung metastasis as
revealed by F18 sodium fluoride microPET imaging; asterisk indicates the spine. (l,m) Histology of lung metastasis with focal areas of
osteoid. (n) Disseminated metastasis through the liver and intestines as indicated by arrows. (o) Liver metastasis. (p,q) Histology of
liver metastasis with osteoid. All sections stained with hematoxylin and eosin. Scale is as indicated on each image.
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Cytogenetic complexity of mOS

A feature of human OS is cytogenetic complexity with
the absence of recurrent clonal chromosomal transloca-
tions (Bridge et al. 1997; Helman and Meltzer 2003). To
determine whether the mOS also displayed cytogenetic
complexity, we performed spectral karyotyping (SKY) on
early passage cell lines derived from primary tumors.
mOS cells were isolated by enzymatic digestion of pri-
mary tumor tissue, placed into culture, and then follow-
ing metaphase arrest, cells were assessed for cytogenetic
integrity using SKY. We assessed ploidy and the presence
of translocations in cell lines derived from six indepen-
dent tumors. mOS cells consistently exhibited marked
aneuploidy, a characteristic of human OS (Supplemental
Fig. 4; Supplemental Table 3). Two of the tumors as-
sessed showed aberrations of chromosomes 8 and 14,
with multiple small chromosomes and fragments. Trans-
locations were present, although these were nonclonal
and, in general, nonreciprocal (Supplemental Fig. 4).

OS cell of origin

The mOS we generated is based on the deletion of p53
and pRb in cells that express Osterix. Osterix expression
identifies a stage of osteoblast commitment after Runx2
expression that defines the first commitment step to the
osteoblast lineage from a multi/bipotential precursor
(Aubin 2001; Nakashima et al. 2002). Thus, OS arises
from a cell at, or after, the Osterix stage of osteoblast
differentiation. To determine the most likely stage of OS
development in this model, we undertook expression
analysis of a panel of genes representative of different
stages of osteoblast differentiation on the cell lines de-
rived from the primary tumors. The mOS cell lines were
utilized as they are relatively homogenous, while they
retain the capacity for efficient in vivo tumor formation
and display an expression profile consistent with human
OS (Supplemental Fig. 4; data not shown).

Markers of osteoblast progenitors (Runx2, Osterix),
preosteoblasts (alkaline phosphatase, Collagen1a1, Ebf2,

Figure 3. In vivo imaging with microPET/CT demonstrates rapid tumor formation. (A) microCT reconstruction of an animal with a
femoral tumor with the overlay of microPET and microCT images. (B) microPET/CT of a calvarial tumor. (C) microPET/CT of a tibial
tumor. The most F18 avid area of tumor corresponds with an area of lesser osteoid formation as revealed by microCT. (D) Eight-week-
old animals were assessed for tumor burden by N18F revealing a positive lesion on the lower jaw; animal on the left is Osx-Cre+p53fl/

flpRbfl/fl, animal on the right is Osx-Cre−p53fl/flpRbfl/+. Arrows indicate OS lesion.
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BMP4), and mature osteoblasts (osteoprotegerin, bone
sialoprotein, osteocalcin) were assessed by quantitative
real-time PCR, and the expression in the OS cell lines
was compared with that of in vitro differentiated pri-
mary osteoblasts (Aubin 2001; Franz-Odendaal et al.
2006). mOS cell lines express markers of osteoblast pro-
genitors and preosteoblasts but fail to express markers of
mature osteoblasts. These results indicate that the mOS

cell lines are arrested at the preosteoblast stage of differ-
entiation and that the candidate target cell for transfor-
mation in this model is a lineage-committed immature
osteoblast (Fig. 4A).

We also analyzed the expression of other genes asso-
ciated with human OS. We found significantly increased
expression of the proto-oncogene c-Fos in the mOS cell
lines compared with primary osteoblasts. Constitutive

Figure 4. The preosteoblast as the candidate cell or origin of OS. (A) Analysis of differentiation status of mOS cell lines by quanti-
tative real-time PCR. Expression levels of the indicated genes are compared with primary in vitro differentiated osteoblasts (normal-
ized to 100%). Data are expressed as mean ± SEM; n = 4 OS cell lines, 3 wild-type primary Ob. (*) P < 0.05 (Student’s t-test). (B) Analysis
of expression of genes implicated in human OS in the mOS cell lines by quantitative real-time PCR. Expression levels of the indicated
genes are compared with primary in vitro differentiated osteoblasts (normalized to 100%). Data are expressed as mean ± SEM; n = 4 OS
cell lines, 3 wild-type primary Ob. (*) P < 0.05 (Student’s t-test). (C) Representative flow cytometry assessment of expression of Sca-1
and CD51 on primary femur compact bone, primary mOS, and mOS cell lines, respectively. (D) Proposed model for OS development.
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transgenic overexpression of Fos results in the develop-
ment of osteogenic tumors in mice and is frequently ob-
served in human OS and in human OS cell lines (Ruther
et al. 1989; Wu et al. 1990; Wang et al. 1995; Thomas et
al. 2004). The expression levels of both the fibroblast
growth factor receptor 2 (FGFR2) and Bub3 were reduced.
Their expression is reduced frequently in human OS,
likely due to allelic loss at 10q26 (Mendoza et al. 2005).
Reduced expression of the p53 target gene Mdm2 was
also detected (Fig. 4B). Lowered Mdm2 expression in os-
teoblasts in vivo was associated with reduced differen-
tiation and Runx2 expression (Lengner et al. 2006).
Changes in the expression from the INK4 locus were
noted with both p16Ink4a and p19Arf expression increased
nearly 10-fold compared with control osteoblasts
(P < 0.04); however, in the absence of pRb and p53, both
p16Ink4a and p19Arf lack their respective molecular tar-
gets.

We also performed an assessment by flow cytometry
to determine the cell surface phenotype of both primary
mOS and mOS cell lines. Limited information is avail-
able regarding the cell surface phenotype of murine os-
teoblasts. However, previous studies demonstrate that
osteoblasts have a surface phenotype negative for hema-
topoietic (CD45 and Ter119) and vascular (CD31) mark-
ers and positive for Sca-1 and CD51 (Integrin �v) (Sem-
erad et al. 2005). Both primary mOS and mOS cell lines
contain a prominent population of Sca-1+CD51+ double
positive cells that are negative for hematopoietic and
vascular markers (Fig. 4C). Other markers associated
with mesenchymal cells and osteoblasts, such as SSEA-
4, CD34, and VCAM, showed variable, if any, expres-
sion, on both primary mOS and cell lines (Gang et al.
2007). Taken together, these data suggest that OS devel-
opment in this model arises from a cell stage at or near
the preosteoblast and that many of the gene expression
changes observed in human OS are mirrored in mOS (Fig.
4C).

Recapitulation of the transcriptional profile
of human OS

The mOS we describe recapitulates many of the charac-
teristic biologic features of human OS. To determine
whether mOS reflects the molecular features of human
OS, we undertook expression profiling using Affymetrix
A430 2.0 gene chips. To enable a direct comparison be-
tween murine and human samples, we performed meta-
gene projection analysis (Isakoff et al. 2005; Tamayo et
al. 2007). Metagene projection analysis permits a robust
cross-species and cross-platform comparison enabling an
assessment of the degree to which mOS displays a tran-
scriptional profile comparable to human OS, as distin-
guished from other human sarcomas. In the absence of
metagene analysis, unsupervised hierarchical clustering
of the mouse and human tumor data sets is uninforma-
tive, as it results in the separation of these data based on
both species and microarray platform, consistent with
that previously described (Fig. 5A).

To define the metagene for human OS, we utilized a

previously published set of human sarcoma data (Hen-
derson et al. 2005). This data set contained 11 OS
samples, as well as a variety of other defined human
sarcoma types of mesenchymal origin. All samples, both
human and mouse, were normalized together and then
the metagenes were defined from the human data set
alone. A metagene was defined for each of the human
sarcoma types (Fig. 5B; Supplemental Fig. 5). Once the
metagene that defined human OS was identified, the
transcriptional information from our primary mOS
(n = 10 primary tumors, two independent data sets) and
also five previously published primary murine synovial
sarcoma samples (Haldar et al. 2007) were added, and the
metagene information was used to cluster the mouse
samples within the defined human tumor types (Fig. 5C;
Supplemental Fig. 6). Mouse synovial sarcomas (green
squares) associated with their human counterparts (light
green circle), providing independent validation of this
approach as this model was previously defined using an
alternative comparison technique to be a faithful model
of human synovial sarcoma (Haldar et al. 2007). Strik-
ingly, the mOS expression signature (Fig. 5C, red
squares) closely resembled that of the human OS
samples (Fig. 5C, salmon circles). The mOS samples
cluster within the human OS samples, which also asso-
ciate with the human chondrosarcoma samples, reflect-
ing the common origin of osteoblasts and chondrocytes.
Also, as for human OS, we observed areas of cartilage
formation within the mOS. These analyses demonstrate
that mOS arising in our engineered mice exhibit a tran-
scriptional profile very comparable with human OS.

Conservation of cytogenetic rearrangements
between mOS and human OS

Numerous alterations and rearrangements in human OS,
targeting many regions throughout the genome, have
been observed by conventional cytogenetics (Bridge et al.
1993; Batanian et al. 2002). To query the mOS model
independent of metagene analysis, we sought to deter-
mine whether the mouse tumors display altered expres-
sion of genes contained within regions defined cytoge-
netically in human OS.

To achieve this, we devised a novel in silico approach,
based on the gene set enrichment analysis (GSEA) meth-
odology, which we term cytogenetic region enrichment
analysis (CREA) (Mootha et al. 2003; Subramanian et al.
2005). Cytogenetic regions of interest were chosen based
on those frequently reported in the literature as rear-
ranged in human OS (Bridge et al. 1993; Batanian et al.
2002). The human genes contained within these chro-
mosomal bands were compiled from the consensus hu-
man genome sequence (UCSC Genome Browser, release
March 2006, and Ensembl human genome sequence, re-
lease 46.36h), and GSEA gene lists were constructed for
each region containing all known genes (outlined in Fig.
6A). GSEA was then performed using the primary mOS
expression profiles, the expression profile of mOS cell
lines, and also the murine synovial sarcoma data set that
we previously utilized for metagene analysis. The mOS
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samples (both primary tumor and cell line) were com-
pared with the gene expression signatures of in vitro dif-
ferentiated primary osteoblasts, while the synovial sar-
coma samples were compared with wild-type muscle.

Enrichment of a given region was defined as a P-value of
<0.05 and a false discovery rate (FDR) Q-value of <0.15.

Strikingly, primary mOS showed significant enrich-
ment at 10 of 17 regions tested by CREA. Moreover,

Figure 5. Mouse OS shares a transcriptional profile with human OS. (A) Hierarchical clustering of mouse and human tumor data sets
separates data based on species and platform. Using this analysis technique mouse and human data sets separate because of species
and platform differences. (B) Heat maps of the metagene projections that were defined for each of the seven human sarcoma types. The
metagene expression level for each of the individual sarcoma types is shown. Following definition of the human metagene for each
tumor type, the murine tumor sets were added, and the metagene projection as it applies to these data sets is shown. (C) Hierarchical
clustering of the data set after metagene projection. mOS (red square) and human OS (salmon circle) associate, as do mouse synovial
sarcoma (green square) and human synovial sarcoma (green circle).
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mOS cell lines showed enrichment at 7 of 17 regions
when compared with primary in vitro-differentiated os-
teoblasts (Fig. 6B; Supplemental Figs. 7 and 8). In con-
trast, we did not observe enrichment for any of the 17
regions for the murine synovial sarcoma samples com-
pared with control muscle samples (Fig. 6B; Supplemen-
tal Fig. 9). We further analyzed the gene expression
changes at the 17 regions in two additional data sets
derived from either breast or lung cancer data sets
(Sweet-Cordero et al. 2005; Li et al. 2007), observing 3
and 4 significantly altered regions, respectively (Supple-
mental Table 4). Thus, changes in these regions are not a
common occurrence in tumors per se but appear specific
for OS. These results underscore how closely mOS re-
sembles human OS. Furthermore, our findings suggest
that combining cytogenetic changes with gene expres-
sion signatures via CREA may be a useful strategy for
validation of other mouse tumor models as faithful rep-
resentations of the corresponding human disease.

Discussion

Here we describe the generation of a genetically engi-
neered mouse model of OS that bears striking resem-
blance to human OS. This model is based on the osteo-
blast-restricted loss of both p53 and pRb. mOS exhibited
many of the features characteristic of human OS, includ-
ing comparable histology, metastatic site preference,
karyotypic complexity, and transcriptional profiles.
These results demonstrate that disease in these animals
represents a faithful and biologically meaningful reca-
pitulation of human OS.

p53-dependent disease

Inherited mutation of RB in humans predisposes patients
to OS, the second most frequent tumor in this popula-
tion with an incidence increased 500-fold compared with
the general population (Gurney et al. 1995). Moreover,

Figure 6. Cytogenetic region enrichment analysis (CREA). (A) Schematic of the application of CREA to the analysis of OS. (B)
Summary of CREA results for each of the indicated cytogenetic regions for primary mOS samples, mOS cell lines, and mouse synovial
sarcoma.
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sporadic OS also frequently harbors alterations in the Rb
gene (Wadayama et al. 1994). These observations have
led to the hypothesis that the retinoblastoma gene plays
a central role in osteoblast biology, and in OS genesis in
particular (Thomas et al. 2003). Loss of Rb was reported
to impair terminal osteoblast differentiation due to a loss
of coactivator activity from CBFA1, which was not ob-
served in the absence of either of the related pocket pro-
teins p107 or p130 (Thomas et al. 2001). However, mice
bearing germline heterozygous Rb mutation have not
been reported to develop OS but do develop other malig-
nancies (Jacks et al. 1992). We did not observe OS devel-
opment in Osx-CrepRbfl/fl animals up to 18 mo of age,
nor did we observe any gross skeletal abnormalities in
these animals. These in vivo results contrast with those
derived from in vitro analysis of cell lines in which pRb
expression was shown to be required for osteoblast dif-
ferentiation. We propose that Rb acts as a potentiator in
the context of OS, but its mutation alone is insufficient
to act as an initiating event.

The results of Rb deficiency contrast with the clearly
established link between p53 mutation and OS develop-
ment both in human and murine malignancies (Jacks et
al. 1994; Lang et al. 2004; Olive et al. 2004; Lengner et al.
2006). Consistent with the importance of p53 loss or
mutation to the genesis of OS, we observed loss of het-
erozygosity of p53 but did not observe this for pRb
(Supplemental Fig. 10). The effects of missense mutation
of p53, as distinct from the loss of function allele utilized
here, would be interesting to determine if this alters any
characteristics of the OS generated in these animals.
Other cancer-associated mutations in the “Rb pathway,”
such as p16INK4a and p15INK4b, have been reported in
human OS at low frequency, and animals mutant for
these genes can develop OS at low penetrance (Miller et
al. 1996, 1997; Sharpless et al. 2001, 2004; Krimpenfort
et al. 2007). In the model we report that Rb mutation is
unable to initiate OS in the absence of mutation of p53,
consistent with observations from radiation-induced OS
in retinoblastoma patients (Gonin-Laurent et al. 2006,
2007). These results argue strongly that loss of p53 is the
rate-limiting step in initiation of OS and that pRb loss
cooperates in the steps leading to frank malignancy.

Cell of origin of OS

Lengner and colleagues previously reported OS following
conditional p53 deletion with Collagen1a1-Cre (Col3.6-
Cre transgenic) (Lengner et al. 2006). The Col3.6-Cre
transgenic resulted in 60% penetrance of OS with a sur-
vival time similar to that observed in the Osx-Cre
model. Within the osteoblast lineage, Osterix expression
precedes the expression of Collagen1a1 expression,
which is thought to occur at the preosteoblast stage of
differentiation (Aubin 2001; Nakashima et al. 2002). De-
spite the difference in stages of Cre expression, both
models develop OS with a very similar latency for p53fl/fl

animals. Analysis of OS arising in c-Fos transgenic ani-
mals also suggested that the cell of origin was contained
within the committed osteoblast population (Grigoriadis

et al. 1993). Additionally, we observed tumors in the
Osx-Cre animals from intramembranous bone, such as
the calvaria and periosteal surface of the femur, demon-
strating that OS can arise from osteo-restricted precur-
sors independently of chondrogenic and adipogenic cells.
Collectively, these independent lines of evidence sup-
port a model in which OS arises as a result of transfor-
mation events that occur at or near the preosteoblast
stage of osteoblast development (Fig. 5D).

Identification of the cell of origin of the majority of
human tumors has remained elusive. The tumor initiat-
ing cell, or cancer stem cell as it also termed, has been
postulated to arise from within the normal tissue stem
cell pool given the similarities that exist between these
cells and cells capable of sustaining the tumor (Reya et
al. 2001; Kim et al. 2005b; Polyak and Hahn 2006). The
mesenchymal stem cell (MSC) is the stem cell from
which osteoblasts arise. Our data are inconsistent with
the MSC as the cell of origin of OS and are most consis-
tent with disease arising from an osteoblast lineage-com-
mitted progenitor, unlike that recently postulated for
Ewing sarcoma (Tirode et al. 2007). Interestingly, despite
the deletion occurring in an Osterix-dependent manner,
we have observed areas of chondrogenic differentiation
within some of the primary OS and have observed adipo-
genic tumors on several double mutant animals. These
results suggest either that the expression of the Osx-Cre
transgene is not absolutely restricted to the osteoblast
population or that, once immortalized, the OS cells are
able to undergo multilineage differentiation in response
to appropriate environmental cues. We also cannot ex-
clude that more differentiated cells than preosteoblasts
are also capable of initiating OS, and this will need to be
experimentally determined. Therefore, sarcomas, like
hematopoietic tumors and also recently proposed for
breast cancer, may arise from the lineage-committed
fraction of cells and do not require transformation of the
multipotential tissue-restricted stem cell (Huntly et al.
2004; Ince et al. 2007).

Molecular profiling demonstrates similarity
to human OS

In addition to the similar transcriptional profiles of hu-
man and mOS as observed using metagene projection
analysis, we documented transcriptional changes in mu-
rine tumors that were reflective of the common cytoge-
netic alterations observed in human OS using a novel in
silico approach, CREA. CREA is based on the gene set
enrichment analysis methodology and utilizes cytoge-
netic information to define genomic regions of interest
for which gene expression information can be assessed.
Conserved cytogenetic regions that display expression
alterations are of particular interest. These may repre-
sent chromosomal regions of importance in the genesis,
maintenance, or progression of OS. Regions, such as
10q26, that show loss of heterozygosity in human OS
and contain both FGFR2 and Bub3 (which have been im-
plicated as important in OS biology) show significantly
reduced expression in both primary mOS and mOS cell
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lines by CREA (Mendoza et al. 2005). Reduced expres-
sion of FGFR2 and Bub3 was also confirmed by quanti-
tative real-time PCR. Analysis of the genes within the
other significantly altered cytogenetic regions, and those
that show alterations in both the primary mOS and cell
lines, may yield important insights into the molecular
genetics of OS and highlight conserved genomic regions
of importance in OS. One intriguing observation from
analysis of the gene expression data is that independent
of the initial genotype of the animals the OS that arises
appears to be the same disease based on the correlation
coefficient of gene expression of the tumors as measured
by microarray (Supplemental Fig. 11).

The genetically engineered mouse OS we describe re-
capitulates multiple defining features of human OS, a
devastating malignancy for which new therapies have
not been developed in more than two decades. Metasta-
sis is a major cause of mortality in OS and with temporal
control of Cre expression it is possible to generate a
model in which all animals develop metastatic disease.
Murine models of human cancer serve as valuable plat-
forms for probing cancer genetics and preclinical thera-
peutics. The model we report provides new opportuni-
ties for exploration of the molecular pathogenesis of OS
and should constitute a convenient platform in which to
test or screen for novel therapeutic agents to treat the
disease.

Materials and methods

A detailed version of the Materials and Methods can be found in
the Supplemental Material.

Animals

pRbfl/fl animals were generously provided by Dr. T. Jacks (Mas-
sachusetts Institute of Technology) and were on a C57Bl6/J 129
hybrid background (MacPherson et al. 2003; Sage et al. 2003);
p53fl/fl animals were obtained from the National Cancer Insti-
tute Mouse Models of Human Cancer Consortium Mouse Re-
pository, have been described previously, and were on a
C57Bl6/J 129 FVB/n hybrid background (Jonkers et al. 2001).
Osx-Cre animals have been described previously and were on a
C57Bl6/J background (Rodda and McMahon 2006). All animals
were genotyped using published protocols. Rag2−/− immunode-
ficient mice were used as recipients for transplant of primary
tumor samples and mOS cell lines (subcutaneous transplant).
All experiments were approved by the Animal Ethics Commit-
tee (Children’s Hospital Boston).

Histology

Tissue was fixed in 10% neutral buffered formalin and then
paraffin embedded, sectioned, and stained with hematoxylin
and eosin. All pathology was performed blinded to the sample
genotype.

SKY

SKY was performed as previously described (Franco et al. 2006).
Briefly, metaphase spreads of OS cell lines were hybridized us-
ing a SkyPaint DNA Kit (Applied Spectral Imaging), following
manufacturer’s instructions. Spectral images were captured and

analyzed using an interferometer and software from Applied
Spectral Imaging.

microPET/CT imaging

PET imaging studies were performed using a Siemens Focus 120
high-resolution, small-animal PET scanner. Each animal was
injected via tail vein with a bolus injection, <0.2 mL per animal,
of the radiopharmaceutical (18F sodium fluoride). Between 3.7
and 37 MBq (0.1 to 1.0 mCi) of the radiopharmaceutical was
administered. Animals were anesthetized to facilitate imaging
by inhalation of isoflurane (2%–4%) through a nose cone for the
duration of the imaging study. Image acquisition was performed
after an uptake period of 30 min. Each animal was positioned on
the imaging table (head first, prone) and imaged for 15 min.
MicroCT imaging was performed on a Siemens MicroCAT II
scanner at 27-µm resolution. Data were acquired with the sys-
tem with X-ray tube voltage of 60–80 kVp, tube currents of
200–500 uA, and exposures per view of 300 msec for 200–400
views.

Microarray sample preparation and analysis

Primary tumor samples and cell lines were homogenized in Tri-
zol (Invitrogen) to extract RNA purified using an RNeasy kit
(Qiagen) using standard procedures (a more detailed method is
provided in the Supplemental Data). Samples were hybridized
to Affymetrix A430 2.0 mouse expression arrays, according to
the manufacturer’s instructions, at the Dana-Farber Cancer In-
stitute’s Microarray Core Facility. Data from microarray was
normalized using dChip software (Li and Wong 2001). The mi-
croarray data were deposited in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo) under the accession number
GSE9460.

Metagene analysis

Metagene analysis was performed essentially as described by
Tamayo et al. (2007) using the available program from http://
www.broad.mit.edu/cgi-bin/cancer/publications/pub_paper.cgi?
mode=view&paper_id=161. Human sarcoma data were obtained
from a previously published data set (Henderson et al. 2005).

CREA

Common recurrent cytogenetic rearrangements reported in the
literature were complied and then the consensus human genes
contained within these bands were collated from both the En-
sembl and UCSC human genome browsers. Lists of consensus
genes were compiled, and GSEA was performed using gene ex-
pression data obtained from the comparisons of primary mOS
versus in vitro differentiated primary osteoblasts, mOS cell
lines versus in vitro differentiated primary osteoblasts, and
mouse synovial sarcoma versus muscle (Haldar et al. 2007).
GSEA was performed as described (http://www.broad.mit.edu/
gsea). Each data set underwent 1000 permutations. A complete
list of human genes for each chromosomal region can be found
in the Supplemental Material (Supplemental Table 5).

Quantitative real-time PCR

Genomic DNA and cDNA were prepared and quantitative real-
time PCR performed as described previously (Walkley et al.
2007). Oligonucleotide sequences are listed in the Supplemental
Material.
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